Layer V principal neurons of the medial entorhinal cortex (EC) receive the main hippocampal output and 29 relay processed information to the neocortex. Despite the fundamental role hypothesized for these 30 neurons in memory replay and consolidation, their dendritic features are largely unknown. 31
INTRODUCTION 53
The enthorhinal cortex (EC) is a key relay structure for the flow of information between the hippocampus 54 and the neocortex (Amaral and Witter, 1995) . Not only does it act as a primary interface, it also plays a 55 critical role in the computation of multi-sensory and cognitive modalities. The latter function is clearly 56 supported by the direct involvement of the EC in neurodegenerative and psychiatric disorders such as 57
Alzheimer's disease, epilepsy and schizophrenia (Jellinger et al., 1991; Arnold, 2000; de Curtis and 58
Pare ', 2004) . 59
Various studies have contributed to our knowledge of the features of EC principal neurons (Hamam et  60 al., 2000; Spruston and McBain, 2007) and their connections (Witter and Amaral, 2004) . Layer V neurons 61 are the main target of the hippocampal output and send their axons to cortical regions; they are thus 62 likely to play an important role in memory replay and consolidation, which involve hippocampal-63 neocortical communications (Buzsaki, 1989) . To understand the function of EC layer V neurons, it is 64 essential to understand how they integrate the inputs they receive to generate the output that is 65 transferred to the neocortex; this process depends on the neuronal morphology and the properties of 66 V neurons were filled with the Ca 2+ indicator Oregon Green BAPTA-1 through a somatic patch pipette 145 (Fig. 1) . The two-dimensional projection of a series of two-photon 3D image stacks from an EC layer V 146 neuron in Fig. 1a shows the prominent apical dendrite, which branches in a tuft in the superficial layers. 147
The insets on the sides show that spines are distributed all over the length of the apical dendrite and tuft. 148
Most medial EC layer V pyramidal neurons appear to lack the extensive oblique dendritic branches that 149 characterize layer V neocortical and CA1 pyramidal neurons (Larkman, 1991; Bannister and Larkman, 150 1995) . A first set of experiments used a multi-photon line scan to analyze the amplitude of the dendritic 151 Ca 2+ signal (∆F/F) associated with a somatic action potential at different locations (~60 µm apart) and 152 revealed a clear dependence of signal amplitude on the distance from the soma. As shown in Fig. 1b the  153 amplitude of dendritic Ca 2+ transients was constant for the first ~150 µm of the apical dendrite (with an 154 average ∆F/F of 68 ± 5% at 60 µm from the soma, n = 18, Fig. 1d ) and started decreasing at ~200 µm. 155
The signal became undetectable from baseline for distances > 350 µm (∆F/F of 8 ± 2% at ~360 µm, n = 156 18, Fig. 1d ), implying that the bAP-associated depolarization was unable to activate a significant number 157 of voltage-dependent Ca 2+ channels at this level. 158 medial EC layer V neurons, the sensitivity of distal bAP-associated Ca 2+ transients to the blockade of A-160 type K + channels by Ba 2+ (150 µM) and 4-aminopyridine (4-AP, 2 mM) was tested. The first set of 161 experiments was performed using a high-speed CCD camera coupled with confocal microscopy; the 162 orange box in Fig. 2a outlines the region of interest for the optical traces in Fig 2b. A 20 Hz train of three 163 action potentials was evoked at the soma (Fig. 2c) (Fig. 2b) , indicating that the increase in bAP amplitude at distal dendritic locations is mediated 172 by the effect of Ba 2+ on A-type K + channels. On average, the first Ca 2+ transient increased from 11 ± 1% 173 under control conditions to 62 ± 10% in the presence of Ba 2+ 150 µM at 350 µm from the soma (Fig. 2d , 174 n = 10, P < 0.005, Wilcoxon matched-pairs signed-ranks test). The dependence of bAP amplitude on A-175 type K + channels in the distal apical dendrites was confirmed by examining the effect of 4-AP on the 176 distal Ca 2+ transients, recorded through a two-photon line scan ( Fig. 2e-g ). At ~350 µm from the soma, 4-177 AP (2 mM) increased the Ca 2+ transient evoked by a single somatic action potential from 10 ± 2% to 65 ± 178 9% (n = 8, P < 0.01, Wilcoxon matched-pairs signed-ranks test, Fig. 2h ). Although Ba 2+ and 4-AP block 179 other K + channels, the spectra of the channels blocked do not overlap except for A-type K + channels 180 (Storm, 1990) , therefore the similarity of the effects of 4-AP and Ba 2+ is strong evidence that these 181 effects are mediated primarily by these K + channels. 182
A putative reduction of back-propagating spike amplitude by a gradient of A-type K + channels along the 183 apical dendrites was further tested by local application of Ba 2+ at various distances from the soma. Local 184 perfusion of Ba 2+ (Fig. 3) produced only a slight increase (~10%) of the Ca 2+ transient in the proximal 185 apical dendrite compared to a 4-fold increase of the smaller Ca 2+ transient at ~350 µm from the soma. 186
The average data (n = 15) show that the effect of local perfusion of Ba 2+ increased with the distance from 187 the soma, such that for locations ≥ 200 µm it effectively removed the distance-dependent decrease in the 188
Ca
2+ transients recorded during bAP in control conditions (Fig. 3 b- conditions was 1.1 ± 0.1 for the first Ca 2+ peak), but exerts progressively larger effects on each 216 subsequent Ca 2+ transients at more distal locations (the ratio was 1.4 ± 0.1 and 2.1 ± 0.3, for the third 217 and the fifth peak at 200 µm, respectively, n = 8, Fig. 5m ). To verify that PDA acted through a PKC-218 dependent mechanism, a series of control experiments were performed to test the ability of a protein 219 kinase C inhibitor, bisindolylmaleimide (GF109203x), to block the effects of PDA on reversing the 220 activity-dependent decrease (Fig. 5) . GF109203x was added to the patch pipette solution and by itself 221 had no effect on the typical activity-dependent decline of the Ca 2+ transients associated with later bAPs 222 in the train for distances greater than 100 µm from the soma (compare Fig. 5k with 5h ). However, with 223 the PKC inhibitor in the pipette, perfusion of PDA now failed to reverse the activity-dependent decrease 224 in the Ca 2+ transients associated with bAPs at any distance ( Fig. 5h and k) . The ratio between the 225 amplitude in the presence of PDA and that in control conditions at 200 µm from the soma was 0.9 ± 0.1, 226
1.0 ± 0.1 and 1.1 ± 0.1 for the first, third and fifth Ca 2+ transients, respectively (n = 7, Fig. 5m ). These 227 data indicate that the activity-dependent decrease in bAP amplitude can be effectively prevented by PKC 228 activation. 229
Whereas the slow cumulative inactivation of dendritic Na + channels is a main determinant of the activity-230 dependent decline of Ca 2+ transients in a train, the higher density of A-type K + channels in the dendrites 231 of layer V EC neurons could also contribute to this phenomenon. Moreover, PKC activation could affect 232 K + currents, therefore contributing to the modulation of the activity-dependent decrease in the amplitude 233 of the Ca 2+ associated with bAPs. In order to determine the relative contributions of the Na + and K Wilcoxon matched-pairs signed-ranks test). On the other hand, when PDA was perfused in the presence 253 of Ba 2+ there was a significant increase in the ratio for subsequent spikes in the train (from 0.46 ± 0.04 to 254 0.79 ± 0.05, P < 0.02 for the third and from 0.28 ± 0.04 to 0.46 ± 0.07, P < 0.02 for the fifth, Wilcoxon 255 matched-pairs signed-ranks test). Taken together, these data lead to the conclusion that both dendritic 256 Na + and A-type K + channels contribute to the activity-dependent decrease of spike back-propagation in a 257 train. Whereas we cannot exclude the contribution of other K + channel to this phenomenon, the slow 258 recovery from inactivation of Na + channels, which leads to an accumulation of inactivation during a train, 259 appears to be mainly responsible for the modulation by PKC. This study shows that the activity-dependence of dendritic calcium influx associated with each bAP in a 301 train in medial EC layer V neurons depends upon both Na + and K + channels, since the peak amplitude 302 and the temporal summation of the Ca 2+ transients were affected by Ba 2+ (Fig. 6b ) and the decrease in 303 the Ca 2+ peaks could be partially removed by phosphorylation by PKC ( Fig. 5 and 6 ), which has been 304 shown to speed the recovery from inactivation of dendritic Na + channels in CA1 neurons (Colbert and 305 Johnston, 1998). In particular, Ba 2+ increased the peak of each Ca 2+ transient in the train by a constant 306 percentage of ~ 40%, whereas the PKC activator PDA produced a larger increase for the Ca 2+ transients 307 associated with each subsequent bAPs in a train. These results do not imply that the A-type K + current 308 does not contribute to the activity-dependent decrease in the amplitude of the peak of each Ca 2+ 309 transient; on the contrary, the density of A-type K + channels can be very important in determining the 310 degree of activity-dependence. Cumulative inactivation of dendritic Na + channels due to prior activity 311 reduces their availability for spike back-propagation during a train of action potentials; however, at low 312 levels of A-type K + current, a decrease in sodium channel availability due to prior activity might have little 313 influence on spike amplitude. At the higher levels of A-type K + channels expressed at more distal 314 dendritic locations, the inactivation of Na + channels becomes more significant, because more sodium 315 channel availability is required to counter the larger A-type K + current to allow back-propagation, 316 producing a strong activity dependent decrease in the amplitude of the Ca 2+ transients. Although PKC 317 activation could in principle decrease the activity of A-type K + channels as well (Hoffman and Johnston, 318 1999), PKC activators were very effective in removing the activity-dependent decrease in the later Ca 2+ 319 transients in a 20 Hz-train even when they were applied in the presence of A-type K + channels blockers, 320 and therefore were probably acting mainly on dendritic Na + channels. These data support the conclusion 321 that PKC activation modulates the activity-dependent decrease in the amplitude of Ca 2+ transients 322 associated with bAPs in a train mainly by removing the slow cumulative inactivation of dendritic Na + 323 channels; we cannot exclude, however, the possibility that other dendritic K + channels contribute to the 324 decrease in the amplitude of the Ca 2+ transients associated with later bAPs in a train nor can we exclude 325 the possibility that other targets are also modulated by PKC. 326
As discussed above, the decrease in amplitude Ca 2+ transients associated with later bAPs within a train, 327 due to the slow cumulative inactivation of dendritic Na + channels, is an attribute that EC layer V neurons 328 share with neocortical layer V pyramidal neurons and CA1 pyramidal neurons. However, the distance-329 dependent increase in A-type K + channel density that mediates the attenuation of bAP amplitude along 330 the apical dendrite is an attribute shared with CA1 neurons but not neocortical pyramidal neurons, in 331 which the density of these channels appears to be constant in the first 500 µm from the soma (Bekkers, 332 2000). This evidence somewhat counterintuitively suggests that the dendritic functionality of EC layer V 333 neurons is more closely aligned with hippocampal compared to neocortical neurons. Further 334 investigations are needed to assess further differences and similarities in the intrinsic dendritic excitability 335 and integration properties among these cell types. 336
In conclusion, this study shows that Na + and transient K + channels control spike-back-propagation in the 337 apical dendrites of EC layer V pyramidal neurons. Since the activity of Na + and K + channels can be 338 regulated by membrane potential and second messenger systems, bAP amplitude and the associated 339 The diagram on the left shows the experimental configuration, with a whole-cell somatic electrode andthe line scan locations for proximal and distal regions, as well as the regions affected by Ba 2+ pressure 459 ejection at ~100 and ~350 µm from the soma, respectively. b) average data of the amplitude of the Ca 
